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ABSTRACT
The unique tectonic setting of the Oman Mountains and the Semail Ophiolite, together
with ongoing hydrocarbon exploration, have focused geological research on the
sedimentary and ophiolite stratigraphy of Oman.  However, there have been few
investigations of the crustal-scale structure of the eastern Arabian continental margin.  In
order to rectify this omission, we made a 255-km-long, southwesterly oriented crustal
transect of the Oman Mountains from the Coastal Zone to the interior Foreland via the
3,000-m-high Jebel Akhdar.  The model for the upper 8 km of the crust was constrained
using 152 km of 2-D seismic reflection profiles, 15 exploratory wells, and 1:100,000- to
1:250,000-scale geological maps.  Receiver-function analysis of teleseismic earthquake
waveform data from three temporary digital seismic stations gave the first reliable
estimates of depth-to-Moho.  Bouguer gravity modeling provided further evidence of
depths to the Moho and metamorphic basement.
Four principal results were obtained from the transect.  (1) An interpreted mountain root
beneath Jebel Akhdar has a lateral extent of about 60 km along the transect.  The depth-
to-Moho of 41 to 44 km about 25 km southwest of Jebel Akhdar increased to 48 to 51 km
on its northeastern side but decreased to 39 to 42 km beneath the coastal plain farther to
the northeast.  (2) The average depth to the metamorphic basement was inferred from
Bouguer gravity modeling to be 9 km in the core of Jebel Akhdar and immediately to the
southwest.  A relatively shallow depth-to-basement of 7 to 8 km coincided with the Jebel
Qusaybah anticline south of the Hamrat Ad Duru Range.  (3) Based on surface, subsurface,
and gravity modeling, the Nakhl Ophiolite block extends seaward for approximately
80 km from its most southerly outcrop.  It has an average thickness of about 5 km, whereas
ophiolite south of Jebel Akhdar is only 1 km thick.  The underlying Hawasina Sediments
are between 2 and 3 km thick in the Hamrat Ad Duru Zone, and 2 km thick in the Coastal
Zone.  (4) Southwest of Jebel Akhdar, reactivated NW-oriented strike-slip basement faults
that deformed Miocene to Pliocene sediments were inferred from the interpretation of
seismic reflection profiles.
INTRODUCTION
Location and Tectonic Setting
The study area in northern Oman (Figure 1) includes part of the eastern margin and foreland of the
Arabian Plate.  Tectonically, the most prominent feature is the Oman Mountains, also known as the
Hajar Mountains, that have a length of about 700 km, a width varying between 40 and 130 km, and
elevations of up to 3,000 m above sea level.
Plate boundaries of several different types delineate the Arabian Plate (Figure 1).  In the west, a divergent
boundary extending through the Red Sea and into the Gulf of Aden marks stages of early continental
rifting (northern Red Sea) to the final stages of development of a mature oceanic lithosphere (southern
Red Sea and Gulf of Aden).  In the northwest, the sinistral Dead Sea transform fault system separates
the Arabian Plate from the Sinai and Levantine subplates of the African Plate.  The northern and the
northeastern boundaries are continent-continent collision zones between the Arabian and the Eurasian
plates along the Bitlis and the Zagros sutures.  The Zagros suture continues south and transforms into
the continent-oceanic Makran subduction zone.  The Owen and Murray transform faults mark the
southeastern boundary of the Arabian Plate with the Indian Plate.
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Previous Geophysical Studies
Only a few geophysical studies have been made of the eastern Arabian margin and continental crust
in Oman.  That by Manghnani and Coleman (1981) was based on 2-D Bouguer gravity modeling and
gave an estimate for the average crustal thickness of about 40 km, with a maximum thickness of about
43 km below Saih Hatat.  Recent work by Ravaut (1997) and Ravaut et al. (1997) provided an estimate
for the average crustal thickness of about 43 km on the eastern margin of Arabia and a maximum
thickness of about 47 km beneath the Oman Mountains.  Their studies were based primarily on the
modeling of Bouguer gravity data together with limited subsurface information and constraints.
GEOLOGIC SETTING
Five tectonic sequences are recognized in Oman (Figure 2).  They are: (1) pre-Permian, (2) the Hajar
Supergroup, (3) the Allochthonous Sequence (Semail Ophiolite and Hawasina Sediments), (4) the Aruma
Group, and (5) Tertiary Cover Sequence.
Rifting events that began in the Precambrian/Cambrian and Early Permian led to the development of
the distinctive sequences of the pre-Permian (late Proterozoic to Early Permian) alternating clastics
and carbonates, and the Hajar Supergroup (Late Permian-mid Cretaceous) composed predominantly
of marine carbonates.
The emplacement of Late Cretaceous ophiolites was one of the most important tectonic events to have
affected the eastern margin of the Arabian Plate (Glennie et al., 1973; Boudier and Coleman, 1981;
Figure 1: Simplified plate tectonic setting of the Arabian Plate.  Oil (green) and gas (red) fields are
shown.  Base map from Sharland et al. (2001); plate motion after Kensaku Tamaki, Ocean Research
Institute, University of Tokyo [http://manbow.ori.u-tokyo.ac.jp].
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Figure 2: Geologic
column of northern
Oman showing major
sedimentary groups
(ARUMA) and key
formations (Muti),
and major tectonic
events that have
affected the eastern
Arabian margin and
surrounding region.
Modified from
Naylor and Spring
(2001) and Le Métour,
Mitchel et. al. (1995).
Arabian Plate (AP)
tectonostratigraphic
megasequence
boundaries from
Sharland et al. (2001).
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Coleman, 1981; Lippard, 1983).  This tectonic event led to the emplacement of the Allochthonous
Sequence consisting of the 10- to 12-km-thick Semail Ophiolite (Shelton, 1990) and deep oceanic and
shallow-marine sediments of the Mesozoic Hamrat Ad Duru and Sumeini groups, respectively.  The
emplacement event spanned the Cenomanian to Coniacian stages (Hopson et al., 1981; Pallister and
Hopson, 1981; Boudier et al., 1985; Nicolas et al., 1996; and Searle and Cox, 1999).  Bechennec et al.
(1995) recorded the ophiolite advance in the foreland region.  In this paper, we refer to both the Hamrat
Ad Duru and Sumeini groups as the Hawasina Sediments.  Units of the Muti Formation deposited
during the Turonian-Coniacian/Santonian mark the transition from a passive continental margin to a
foreland basin (Robertson, 1987; Bechennec et al., 1995).
The syntectonic Aruma Group (Fiqa Formation) was deposited during the Campanian to Maastrichtian.
In this study, we considered the Fiqa and Muti formations separately when establishing stratigraphic
relationships, but jointly as the Aruma Group when establishing regional lateral continuity (Figures
2 and 4).  Finally, the post-emplacement period was followed by the deposition of the Tertiary (Tertiary
and Quaternary) cover rocks, and the Miocene Zagros collision event.
Two prominent domal structures in the Oman Mountains are the 3,000-m-high Jebel Akhdar, and Saih
Hatat (Figure 3).  They provide a window onto the stratigraphy of the pre-Permian and Hajar
Supergroup sequences and have been intensively investigated with regard to the timing and mechanism
of deformation.  Several alternative models have been proposed.  One model is of a fault-bend fold
style of deformation (e.g., Cawood et al., 1990; Hanna, 1990) but the proposed geometry and the
existence of the fault-bend fold are controversial.  Le Métour, Bechennec and Roger (1995) concluded
that the structures of Jebel Akhdar and Saih Hatat were probably inherited from Late Permian horst-
and-grabens at the edge of the continental shelf.  Mount et al. (1998) suggested that Jebel Akhdar was
the result of a compressional event that began in the Oligocene and involved a high-angle reverse
fault (a fault-propagation fold) below the southern limb of the mountain.  We found that the present-
day structure of Jebel Akhdar could not be described by a single deformation style or by a single
event, but was the result of the interplay of various multiple events.
CRUSTAL TRANSECT
The main objective of our study was to construct a crustal-scale transect across the eastern Arabian
margin, from the Coastal Zone, through the Oman Mountains, and into the interior Foreland.
Geographically, the transect starts offshore, crosses the coastal plain and the Jebel Akhdar mountain
range in a southwesterly direction, and ends in the interior of Oman, southeast of the Natih and
Fahud structures (Figure 3).  The multidisciplinary approach we used integrated data and results
from the following sources: (1) seismic reflection and well-data interpretation; (2) earthquake receiver
function analysis; and (3) Bouguer gravity models.  We used 2-D seismic reflection profiles and well
data to constrain the upper 8 km of the crust, the receiver function to infer depth-to-Moho at three
locations, and Bouguer gravity modeling to further constrain the lateral extent of the Moho and to
infer the depth to the metamorphic basement.
We divided the transect into four structural zones from north to south as follows:
(1) The Coastal Zone (and offshore area) north of Jebel Akhdar.
(2) The Mountain Zone, corresponding to the Jebel Akhdar range.
(3) The Hamrat Ad Duru Zone south of Jebel Akhdar, which has the most intensive surface
deformation within the Hawasina Sediments.
(4) The Interior Zone, which shows minimal surface deformation south of Jebel Qusaybah
(see Figure 3).
We grouped the Interior Zone and Hamrat Ad Duru Zone as the Foreland, and the Mountain Zone
and Coastal Zone as the Hinterland.
Crustal transect, Oman Mountains
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Figure 3: Topographic map of the study area showing (a) location of crustal transect, and
(b) seismic reflection lines, seismograph stations, and wells (see Figure 1 for location).  The
base map in (a)  is a shaded relief representation of topography available from Cornell
University.
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Seismic Reflection and Well Analysis
Data
Data used in the seismic interpretation consisted of 152 km of 2-D reflection profiles along the transect
(Figure 3), 100 km of which were in digital form and 52 km were analog paper copies.  Seismic reflection
data processing involved depth conversion of the 2-D seismic profiles using stack and migration
velocities.  These methods were also used to perform line-depth conversion on the analog data.  Data
from 15 exploratory wells were used to identify and correlate with stratigraphic units mapped from
the seismic reflection profiles (Figure 3).  Well data consisted of information on formation tops, age,
lithology, and biostratigraphy prepared by various oil companies for exploration purposes.  We also
had available the 1:100,000-scale and 1:250,000-scale geologic maps of Oman (Bechennec et al.,
1986a, b; Beurrier et al., 1986; Chevrel et al., 1992; Rabu et al., 1986; Wyns et al., 1992) from which to
construct a geologic cross-section.  The maps provided lithological, age, and—most importantly—dip
information for the Jebel Akhdar range where no seismic or exploratory well information was available.
Methods
Seismic reflection profiles directly on the transect gave the most complete coverage in the Interior
Zone and the Coastal Zone.  Seismic correlation and interpretation provided important information
on the stratigraphic and structural relations of the Hajar Supergoup and the overlying sequences.  We
have limited confidence in the correlation of the pre-Permian Sequence at depths below 3 sec two-way
Figure 4: Well-log correlation diagram:  sonic velocities as black lines and interval seismic velocities
in green.  Seismic interval velocities overlain on SD-1 and JKH-2 were obtained from lines S50295,
and IUL0001, respectively (see Figure 3).  Blue numbers are the averaged velocities for designated
intervals.
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travel time (TWT) that corresponded approximately to the top of the Lower Cambrian Huqf Group.
The top of metamorphic basement was almost impossible to identify in the Interior, Hamrat Ad Duru,
and Coastal zones.  Depth-converted time sections using interval stack and migration velocities showed
in some cases a depth difference of about 200 to 300 m at the 1 sec TWT level, and deeper levels
(Figure 4).
Information from wells was used to correct the depth-converted seismic sections wherever wells
coincided with seismic lines.  Where this was not possible, we made sure that the depth-converted
seismic section correlated with nearby wells and with wells across the transect.  Of the well on or near
to the crustal transect, only JKH-2 and SD-1 provided sonic velocity data, but to a maximum depth
about 1 km ( Figure 4).  This deficiency prevented us from further comparing depth-conversion velocities
with sonic-velocity data from well logs.  Wells DA-7 and ML-1, located respectively 150 km and 100
km west of the transect, provided sonic velocity information for the whole Hajar Supergroup and
were important in approximating depth conversion differences with migration and stack velocities
(Figure 4).  The sonic velocity of the upper part of the Hajar Supergroup (Figure 4), marked by top
Natih and base Jurassic, was 4,700 m/sec (well DA-7) and 5,120 m/sec (well ML-1), respectively.  The
discrepancy was attributed to the lateral thickness variation of some lithologic units.  The lower part
of the Supergroup, marked by base Jurassic and top Haushi, showed only a small sonic velocity
difference in the two wells for an average velocity of about 5,900 m/sec
Well Correlation (Foreland Region)
Well data provided good lateral correlation for the Hajar Supergroup, the Aruma Group, the Hawasina
Sediments, and the Tertiary cover rocks in the Foreland region (Figure 5).  In addition, the tops of the
Haushi, Haima, and Huqf groups that constitute the pre-Permian Sequence were penetrated in wells
FD-1 and FH-1.
The top of the Albian Natih Formation marks the top of the Hajar.  The full thickness of the Supergroup
was about 2.4 km (Figure 5) in the Hamrat Ad Duru Zone (well MH-1), and in the Interior Zone it
varied from about 2.6 km in wells FD-1 and SD-1 to about 2 km in well FH-1.
In the Foreland region, the Aruma Group was identified in well data as the Fiqa Formation only, with
no mention of the Muti Formation.  The age of the Fiqa Formation from well data is Turonian-
Maastrichtian, which encompasses with the age of the Muti Formation as mapped at the surface by
Chevrel et al. (1992).  In some wells the Fiqa Formation is identified as the ‘Shargi shale member’, and
in others simply as a claystone (HD-1 and MH-1).  The Formation thickness varies throughout the
Foreland (Figure 5).  Its average thickness is 595 m along the correlation section of wells HD-1, MH-1,
and JKH-2, but in wells JKH-1 and KH-1 it is more than twice as thick (maximum 1,350 m).  Such
variations in thickness over short distances could be attributed to either localized structural thickening
of the unit in wells JKH-1 and KH-1, possibly by reverse faulting, or to misidentification of the Fiqa
Formation with the Hawasina Sediments.
The Hawasina Sediments directly overlie the Aruma Group and occur primarily in the Hamrat Ad
Duru Zone.  They extend as far as well NR-1 at the boundary of the Hamrat Ad Duru with the Interior
Zone where they are 154 m thick (Figure 5).  The Sediments consist of imbricated stacks of alternating
sheets of overthrust Guwayza sandstone and limestone, and thrust sheets of the underlying Aruma
Group (Robertson, 1987).  For the purpose of sequence correlation we have included the cumulative
thickness of thrusted sheets of the Aruma Group with its in place thickness (Figure 5).  Well data from
the Hamrat Ad Duru Zone do not include the Tertiary Cover Sequence; only wells SD-1 and FH-1 in
the Interior Zone contain Tertiary sediments.
Well Correlation (Coastal Zone)
Few exploration wells have been drilled in the Coastal Zone and offshore area.  Wells BA-1 and
BMB-1 (see Figure 3 for location) provided the only well data for the coastal and offshore areas.  Well
BA-1 located about 30 km east of the transect penetrated the basal parts of the Paleogene Hadhramout
Group (Thanetian-Bartonian) at a maximum depth of 2,448 m.  Well BMB-1 located 30 km northeast of
BA-1 had a maximum depth of 4,631 m.  Its location and lateral structural complexity prohibited its
A
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Figure 5: Fence diagram showing correlation of the Hajar Supergroup in the Interior and Hamrat Ad Duru zones (see Figure 3 for location).  Red lines
represent correlation between units within the Hajar Supergroup, and the blue line marks the top of the Aruma Group (Muti and Fiqa formations).  The
Semail Ophilite frontal thrust is shown at the sole of the Hawasina Sediments.  Age and stratigraphic identification is based on interpretations by oil
exploration companies.  Stratigraphy after Rabu et al. (1986); Nolan et al. (1990); Pratt and Smewing (1990); Le Métour, Michel, et al. (1995).
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projection onto the transect.  It is noteworthy that well BMB-1 penetrated 1,195 m of shale, marly sand,
and shaley marl of Maastrichtian-Campanian age equivalent to the Alkhawd Formation.  It was overlain
by only 305 m of the Hadhramout Group, which in BA-1 was 1,200 m thick.
Seismic Interpretation
Interior Zone: Line S50295 (Figure 6)
The upper 1 sec (TWT) of line S50295 consists of the Tertiary Cover Sequence and the Aruma Group
(Fiqa and Muti formations) that overlie the Hajar Supergroup.  In this and other 2-D reflection profiles,
the top of the Muti Formation is inferred from downlapping reflectors of the overlying Fiqa Formation.
The reflectors provide a structural relationship between the interpreted Muti and the Fiqa, and are not
a distinctive representation of the chronostratigraphy of the Muti Formation.  In line S50295, the Fiqa
shows a southwesterly reflector progradation, onlapping the top of the Muti.  The green reflector at
about 200 msec marks the termination of prograding reflectors to be overlain by conformable strata of
the Tertiary Cover.  Generally, the Aruma Group thickens toward the northeast, but the basal Muti
Formation is interpreted as thickening southwestward.
A system of negative flower structures was observed in line S50295 and other 2-D seismic profiles
throughout the Interior Zone, and also in parts of the Hamrat Ad Duru Zone.  The flower structures in
line S50295 show minimal vertical displacement with subtle reflector offsets at the top of the Natih
Formation, and gentle folding in the overlying Aruma Group and Tertiary Cover.  Below about
2 sec (TWT), the structures converge into a single steep fault that offsets the tops of the Haushi Group
(Upper Permian) and Huqf Group (Lower Cambrian) marker reflectors.  Fault continuity or surface
exposure, especially for the two flower structures in the northeastern part of the profile is obscured
within the Fiqa Formation.  Alternatively, the fault tips may be within the shales of the Fiqa Formation
and did not cross into the Tertiary.  However, the base of the Tertiary Cover reflector (green) of the
Hadhramout Group does show gentle folding near the surface.
Interior Zone: Line S50274 (Figure 7)
In line S50274 the distinctive reflector markers at the top of the Natih Formation and the top of the
Haushi Group clearly delineated the Hajar Supergroup.  The Muti Formation top was interpreted at
about the 0.9 sec (TWT) level at the northeastern end of line S50274 and at about 1.35 sec in the southwest.
Hanna and Nolan (1989) interpreted the Maradi Fault Zone as a right-lateral strike-slip fault reactivated
in Pliocene-Pliestocene times.  In line S50274 we interpreted it as being a basement-associated, right-
lateral strike-slip fault that included a reverse component.  The reverse component was inferred from
the 0.35 to 0.4 sec (about 900 m) time difference in the Natih reflector marker across the fault zone .
Internal collapse at distances from 2 to 6 km, possibly by normal faulting, occurs toward the center of
the structure.  In line S50274, the northeastern arm of the central part of the fault zone separates outcrops
of the Fiqa Formation to the northeast from the steeply dipping (72ºS) Eocene Umm Er Radhuma
Formation and the Miocene-Pliocene Berzman Formation of the Tertiary Cover Sequence.
The relative thickness of the Aruma Group and the Tertiary Cover Sequence on the southwestern side
of the Maradi Fault Zone is about 1.6 sec (TWT), whereas to the northeast Fiqa Formation has a relative
thickness of about 1.2 sec (TWT). In the southwest, the thickness of the Aruma Group and the Tertiary
Cover is correlated with the thickening (1.3 sec) observed at the northeastern end of interpreted line
S50295 (Figure 6).  Therefore, we interpreted the Maradi Fault Zone to include a reverse faulting
component, possibly related to the Late Cretaceous ophiolite emplacement process.  The deformation
was followed by a transtensional strike-slip faulting event in the Pliocene-Pliestocene, as dated by
Hanna and Nolan (1989).
Interior Zone: Line R40984 (Figure 8)
Directly north of line S50274 (Figure 7) is line R40984; the two have about 8 km overlap.  Correlation
between the two lines is possible as reflectors are subhorizontal and no significant deformation exists
in the overlap area.  In line R40984, the top of the Hajar Supergroup is distinct in the southwestern
section as far as its intersection with the subsurface structure of Jebel Qusaybah.  The top of the Hajar
Al-Lazki et al.
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